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Description

FIELD OF THE INVENTION

[0001] The present invention concerns the field of low antigenic livestock animals as source of safer and healthier
animal derived products for prevention and treatment of allergic syndromes and long term chronic degenerative diseases
caused by their consumption as well as the use of animal derived products used for medical treatments.

STATE OF THE ART

[0002] Consumption of red meats and innards of non-primate mammals (for example bovine, pig and sheep) could
provoke in some patients a 3-6 hours delayed allergy reaction characterized by anaphylaxis, angioedema, urticaria and
gastrointestinal symptoms. This type of allergy (recognized as Meat Allergy or Mammalian Meat allergy) has a time
course different from common food allergies and it was firstly described in 2009 by Commins and colleagues (Commins
et al., J allergy Clin Immunol2009; 123:426-33) in US patients reporting delayed allergic systemic symptoms. In these
patients they recognized high titer of IgE antibodies directed against the mammalian oligosaccharide epitope galactose-
α-1,3-galactose (a-gal) demonstrating a strict correlation between red meat meal consumption and the allergic reaction.
In the same period high serum level of IgE specific for the α-gal antigen was described also for oncologic patients that,
after treatment with the monoclonal antibody Cetuxymab anaphylactic shocks (Chung et al., N Engl J Med 2008; 358:
1108-17). Instead, following characterization of new patients affected by the red meat allergy and extended population
studies of the affected areas, confirmed the delayed allergic symptoms introducing a new correlation between the tick
bites, the high titer of alpha-gal IgE and the delayed allergic reaction (Commins et al., J Allergy Clin Immunol. 2011May;
127(5): 1286-1293). These findings demonstrated that tick bites (Amblyomma americanus, Ixodes ricinus, Ixodes holo-
cyclus, Ixodes pacificus) are the sensitizing event for the production of specific IgE (sIgE), leading to a reduction of
tolerance to livestock products in some patients. A new study defined also that these patients developed a sensitization
to a common non-human mammals derivatives ingredient, like gelatin that was recognised by the α-gal sIgE (Mullins et
al., J Allergy Clin Immunol. 2012; 129: 1334-1342). Gelatin is an ingredient of some processed foods and gelatin colloids
and it can be used also in vaccines production as stabilizing reagents or it could be used for capsules constitution of
different drugs, indeed it is real the risk that many more hidden animal derivatives could provoke an anaphylactic shock
in patients affected by the red meat allergy. Number of reported cases is still expanding in different countries like Australia,
Germany, Spain, Sweden, Japan and Italy (Commins et al., Allergol Int. 2016;65: 16-20;Steinke et al., J Allergy Clin
Immunol. 2015; 135: 589-597; Apostolovich et al., Allergo J Int 2016; 25:49-54; Takahashi et al. Allergy 2014; 69:
199-207; Takahashi et al. Allergy 2014; 69: 199-207; Calamari et al., Eur Ann Allergy Clin Immunol 2015, 47:161-162)
recognizing higher the sensitization risk for people exposed to the tick bites, such as forest workers and hunters (Fisher
J. et al, Allergy 2017; 72:1540-1547).
[0003] Alpha gal antigen is expressed in all mammals except for humans and non-human primates, because the gene
coding for the enzyme alpha 1-3 galactosyltransferase was lost during evolution (Galili et al., J Biol Chem. 1988 Nov
25;263:17755-62). For this reason anti-alpha gal antibodies (IgG and IgM) are the most abundant natural antibodies in
humans (1%) and they were recognized as the main responsible for the hyperacute rejection of xenotransplanted organs
in pig-to non-human primates experiments (Galili U, Glycobiology 2016 Nov;26(11):1140-1150.). Following xenotrans-
plantation studies of sera of non-human primates transplanted with porcine Gal-KO organs led to the characterization
of new non-alpha gal antibody populations responsible for the acute vascular rejection of transplanted grafts, identifying
in pig new xeno-antigens, such as the Neu5GC, that is not expressed in humans due to gene mutations occurred in the
CMAH gene (Byrne et al., Xenotransplantation 2008; 15:268-276) and the Sda expressed by the porcine B4GalNT2
gene (Byrne et al., Transplantation 2011; 91:287-292).
[0004] α(1,3) galactosyltransferase (aGal or αGal), and cytidine monophosphate-N-acetylneuraminic acid hydroxylase
(CMAH) are expressed by non-human-mammals and not by human cells. Non-human mammal cells also express β1-4
N-acetylgalactosaminyltransferase (B4GalNT2 or β4GalNT2).. The aGal enzyme catalyzes the formation of galactose-
α1,3-galactose (aGal) residues on glycoproteins. CMAH converts the sialic acid N-acetylneuraminic acid (Neu5Ac) to
N-glycolylneuraminic acid (Neu5Gc). B4GalNT2 catalyzes the terminal addition of N-acetylgalactosamine to a sialic acid
modified lactose amine to yield Sda-like antigens, including but not limited to Sda and CAD antigens. Porcine B4GalNT2
may catalyze the formation of additional glycans as well. Xenotransplantation studies in pig to non-human primates
models demonstrated that pre-formed antibodies to the aGal, Neu5Gc and Sda antigens are present in primates blood
and they are involved in the intense and immediate antibody mediated rejection of implanted tissues, justifying the
inactivation of the porcine enzymes responsible of their synthesis (Estrada et al., Xenotransplantation 2015 22:194-202).
[0005] Generation of mutated pigs (GGTA1/CMAH/B4GalNT2-KO) were reported in patents WO2016065046 A1 and
WO2016094679 A1, protecting their application as donors of organs, tissues, cells and derivatives especially for
xenotransplantation purposes in human. However these patents never propose the use as source for healthier and safer
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food and medical products considering their low allergenic properties.
[0006] But today the need and importance is increasingly felt for the development of low antigenic animals as a source
of animal derivatives for prevention and treatment of xeno-allergies and possibly chronic degenerative or autoimmune
diseases caused by their use and consumption in humans.
[0007] It is therefore object of the present invention the development of modified livestock animals, obtained with the
newly available genome editing technologies having the low antigenic qualities useful in many industrial productions for
the food and medical chain.

SUMMARY OF THE INVENTION

[0008] The present invention concerns a genetically modified non-human mammal having the combination of mutated
or disrupted α(1,3)-galactosyltransferase, CMAH and B4GalNT2 genes in a said genetically modified non-human mam-
mal, wherein expression of α(1,3)-galactosyltransferase, cytidine monophosphate-N-acetylneuraminic acid hydroxylase
and β1,4-N-acetylgalactosaminyltransferase is abolished as compared to a wild-type genetically modified non-human
mammal.
[0009] The purpose underlying the present invention is that of making available low antigenic animals as source of
animal derivatives for prevention and treatment of xeno-allergies, chronic degenerative and autoimmune diseases caused
by their consumption and treatments in humans.
[0010] This problem is resolved by the present finding by edited genetically modified non-human mammals combining
the mutated or disrupted α(1,3)-galactosyltransferase, CMAH and B4GalNT2 gene, wherein expression of α(1,3)-ga-
lactosyltransferase, cytidine monophosphate-N-acetylneuraminic acid hydroxylase and β1,4-N-acetylgalactosaminyl-
transferase is abolished compared to a wild-type genetically modified non-human mammal, as identified in the attached
claims.
[0011] In a second aspect, this invention moreover provides a product isolated from the edited genetically modified
non-human mammal, wherein said product is chosen from the group consisting of an organ, tissue, carcass, meat, milk,
milk derivatives transfusion product or cell(s).
[0012] As will be further described in the detailed description of the invention, the products isolated from the genetically
modified non-human mammal s of the present invention have the advantages of being able to prevent specific diseases.
[0013] A further aspect of the present invention is the use of the product isolated from the genetically modified non-
human mammals for the preparation of animal derived products to prevent specific xeno-allergies.
[0014] The alpha 1,3 galactosyltransferase (aGal, αGal, GGTA, GGT1, GT, aGT, GGTA1, GGTA-1) gene encodes
an enzyme (GT, aGal, α1,3 galactosyltransferase). Functional a1,3 galactosyltransferase catalyzes formation of galac-
tose-α-1,3-galactose residues on glycoproteins. The galactose-α-1,3-galactose (αGal) residue is an antigenic epitope
or antigen recognized by the human immunological system. Removing aGal from edited organ material does not eliminate
the human immunological response to transplant of foreign material, suggesting an involvement of additional antibodies
in the rapid immunological response to xenotransplant. (Mohiudden et al (2014), Am J. Transplantation 14:488-489 and
Mohiudden et al 2014 Xenotransplantation 21:35-45). Disruptions of the porcine GGTA1 gene that abolish the expression
of functional a1,3 galactosyltransferase in pig and bovine may include substitutions, deletions and insertions. (see Table
2 and Table 3).
[0015] The cytidine monophosphate-N-acetylneuraminic acid hydroxylase (CMP-Neu5Ac hydroxylase gene, CMAH)
gene encodes an enzyme (CMAH). Functional CMAH catalyzes conversion of sialic acid N-acetylneuraminic acid
(Neu5Ac) to N-glycolylneuraminic acid (Neu5Gc). The Neu5Gc residue is an antigenic epitope or antigen recognized
by the human immunological system. Disruptions of the CMAH gene that abolish the expression of functional CMAH in
pig and in bovine may include but are not limited to substitution, deletion, insertions (see Table 2 and Table 3).
[0016] The β1,4-N-acetylgalactosaminyltransferase (B4GalNT2, B4GalNT2, B1,4GalNT2, 131,4GalNT2) gene en-
codes an enzyme (B4GalNT2). Functional B4GalNT2 produces Sda-like glycans (Dall’Olio et al (2014) Biochemica
Biophysica Acta 1840:443-453 and Blanchard et al (1983) JBC 258:7691-7685). B4GalNT2 is thought to be expressed
in most humans. Disruption of B4GalNT2 gene that abolish the expression of functional B4GalNT2 in pig may include
but are not limited to substitution, deletion, insertions (see Table 3).

BRIEF DESCRIPTION OF THE DRAWINGS

[0017] The characteristics and advantages of the present invention will be apparent from the detailed description
reported below, from the Examples given for illustrative and non-limiting purposes, and from the annexed Figures 1-5,
wherein:

Figure 1: shows the genotyping results describing the mutations (InsDels) detected for target genes (Figure 1-A =
GGTA1; Figure 1-B = CMAH; Figure 1-C = B4GalNT2; Figure 1-D = B4GalNT2-like) of cloned Pig746.
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Figure 1-A TKO pig - genome sequences. Sequences results for GGTA1 gene of Pig746.
Wild type sequences (WT) and the mutated allelic sequences of GGTA1 gene characterising the edited Pig746 (in
GT; in 373 + del G) are presented here. Genomic sequences where insertions occurred are separately highlighted
(continue and dotted lines) in the WT sequence (UP) and described into the resulting sequencing data for the mutated
allele (Allele A and Allele B) of Pig746 (DOWN).
Figure 1-B TKO pig - genome sequences.
Sequences results for CMAH gene of Pig746.
Wild type sequences (WT) and the mutated allelic sequences of CMAH gene characterising the edited Pig746 (del
CTTCTG; del TCT) are presented here. Detected mutation are separatley highlighted (continue and dotted lines)
in the WT sequence (UP) and confirmed by the resulting sequencing data for the Allele A and B of Pig746 (DOWN).
Figure 1-C TKO pig - genome sequences.
Sequences results for B4GalNT2 gene of Pig746.
Wild type sequences (WT) and the mutated allelic sequences of B4GalNT2 gene characterising the edited Pig746
(del AAAGCGTGTTCC; del CGTGTTCCTCGATA + in GATC) are presented here. Detected mutation are separatley
highlighted (continue and dotted lines) in the WT sequence (UP) and confirmed by the resulting sequencing data
for the Allele A and B of Pig746 (DOWN).
Figure 1-D TKO pig - genome sequences.
Sequences results for B4GalNT2-like gene of Pig746.
Wild type sequences (WT) and the mutated allelic sequences of B4GalNT2-like characterising the edited Pig746
(del GAAGCGTGTTCC; del TGTGTTCCTCGATA + in GATC) are presented here. Detected mutation are separately
highlighted (continue and dotted lines) in the WT sequence (UP) and confirmed by the resulting sequencing data
for the Allele A and B of Pig746 (DOWN).
Figure 2: show the genotyping results describing the mutations (InsDels) detected for the two target genes (Figure
2-A = GGTA1; Figure 2-B = CMAH) of the cloned calf 9161.
Figure 2-A. DKO 9161 calf - genome sequences. Sequences results for GGTA1 gene of calf 9161.
For the GGTA1 gene are presented the wild type sequences (WT - UP) and the two mutated allelic sequences
characterising the edited calf 9161 (DOWN). Biallelic mutation of CMAH gene(del GAGCCCTGGGCGAGTCGGT-
GG; del 171 bp) are highlighted (continue or dotted line) in the WT sequence and the resulting mutated CMAH gene
sequences are confirmed by the sequencing data for the calf 9161.
Figure 2-B. DKO 9161 calf - genome sequences. Sequences results for CMAH gene of calf 9161.
For the CMAH gene are presented the wild type sequences (WT - UP) and the mutated allelelic sequences char-
acterising the edited calf 9161 (DOWN). Biallelic mutation of CMAH gene(del GGCAAGTGAGGGAGGCA) is high-
lighted in the WT sequence and the resulting mutated CMAH gene sequence is confirmed by the sequencing data
for the calf 9161.
Figure 3: shows the phenotypic characterization (FACS) of primary cells (fibroblasts and PBMC) derived from cloned
Pig746. Fibroblasts resulted negative for the α-Gal (Figure 3-A) and Neu5Gc (Figure 3-B) epitopes. Sda expression
(Figure 3-C) was investigated on PBMC cells resulted also negative.
Figure 3-A. Pig746 FACS analyses. Expression of α-Gal antigen in primary fibroblasts and PBMCs.
Fibroblasts from wild type animal (WT) and from the edited Pig746 (746) were analysed by FACS. Shown results
demonstrated that the α-GAL epitope was deleted from the cell surface of our cloned animal, finally confirming the
genotype analyses (knock-out) for the GGTA1 gene.
Figure 3-B. Pig746 FACS analyses. Expression of Neu5Gc antigen in primary fibroblasts and PBMCs.
Fibroblasts from wild type animal (WT) and from the edited Pig746 (746) were analysed by FACS. Shown results
demonstrated that the Nue5Gc epitope was deleted from the cell surface of our cloned animal, finally confirming
the genotype analyses (knock-out) for the CMAH gene.
Figure 3-C. Pig746 FACS analyses. Expression of Sda antigen in primary fibroblasts and PBMCs.
PBMC from wild type animal (WT) and from the edited Pig746 (746) were analysed by FACS. Shown results
demonstrated that the Sda epitope was deleted from the cell surface of our cloned animal, finally confirming the
genotype analyses (knock-out) for the B4GalNT2 and B4GalNT2-like genes.
Figure 4: shows the phenotypic characterization (FACS) of primary fibroblasts derived from cloned bovine 9161.
Fibroblasts resulted negative for the αGal (Figure 4-A) and Neu5Gc (Figure 4-B) epitopes.
Figure 4-A. FACS analyses on Gal expression - cloned DKO calf (9161) Fibroblasts from wild type animal (WT) and
from the edited calf 9161 (9161) were analysed by FACS. Shown results demonstrated that the α-GAL antigen was
deleted from the cell surface of our cloned animal, confirming the genotype analyses for the knocked-out gene
(GGTA1).
Figure 4-B. FACS analyses on Neu5Gc expression - cloned DKO calf (9161)
Fibroblasts from wild type animal (WT) and from the edited calf 9161 (9161) were analysed by FACS. Shown results
demonstrated that the Neu5Gc antigen was deleted from the cell surface of our cloned animal, confirming the
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genotype analyses for the knocked-out gene (CMAH).
Figure 5: shows the Surveyor assay tests done for the selection of site specific nucleases to use for genome editing
in pig, bovine (5-A) and equine (5-B).
Figure 5-A. Surveyor assays - Talens (pig) and CRISPR/Cas9 (bovine) selection.
Cells transfected (+) and not-transfected (-) with the plasmids coding for the Site Specific Nucleases (Talens for
pig; CRISPR/Cas9 for bovine) for the selected gene were used to test the endonucleases cutting efficiency using
the Surveyor assay. Here are shown some examples or the results obtained justifying the Talens selection for the
porcine GGTA1 and CMAH genes where could be detected bands(*) resulting from digestion of the PCR product.
Also using the CRISPR/Cas9 system for the bovine CMAH gene we where able to select 2 different sgRNAs (cr5
and cr8) that produced the expected fragments
(*) with different efficiency (cr5>cr8).
Figure 5-B. Surveyor assays - CRISPR/Cas9 selection (horse)
Equine fibroblasts transfected (+) and not-transfected (-) with the plasmids coding for different CRISPR/Cas9 specific
for the GGTA1 and CMAH genes were used to test the endonucleases cutting efficiency using the Surveyor assay.
Here are shown some examples or the results obtained justifying the selection of 3 different sgRNAs (cr1, cr2, cr3)
for the equine GGTA1 gene and one sgRNA(cr2) for the CMAH gene, where could be detected bands(*) resulting
from digestion of the PCR product.
Figure 6.
Figures 6A and 6B graphically show the biochemical characterization of Neu5Gc and α-Gal in meat samples. Meat
homogenates were coated onto a 96-well plate in triplicates (1 mg/well) and analyzed with anti-Neu5Gc IgY (Neu5Gc)
(Figure 6A), or monoclonal anti aGal IgM (Figure 6B), washed then detected with HRP-donkey-anti-chicken IgY or
HRP-goat-anti-mouse IgM, respectively.
Figure 6C Human serum IgE reactivity against meat samples. Meat homogenates were coated onto a 96-well plate
in duplicates (1mg/well), then reactivity of human serum IgE (1:100) was examined by ELISA in samples of donors
with no allergy, birch-pollen allergy or red meat allergy.
Figures 6D, 6E and 6F: Reactivity of human serum IgE (1:100) was examined by glycan microarrays using samples
of donors with no allergy, birch-pollen allergy or red meat allergy allergy. In Figure 6D, glycan microarray profiles
of human sera samples donors are presented in Relative Fluorescent Units (RFU;
representing fluorescence at 532 nm after local background subtraction) as a heatmap. In Figure 6E reactivity of
sera samples against Neu5Gc-glycans was compared between the groups showing that red meat allergy sera have
a higher anti-Neu5Gc IgE reactivity (mean 6 SEM; each spot is a different glycan per serum; Kruskal Wallis test
with Dunn’s multiple comparison test; P < 0.0001).
Figure 6F: the reactivity of sera samples against Neu5Ac-glycans was compared between the groups. Figure 6G
shows the reactivity of sera samples against aGal glycan on the microarray compared between the groups.

DETAILED DESCRIPTION OF THE INVENTION

[0018] The present invention concerns a multiplexed genetically modified non-human mammal comprising a mutated
or disrupted α(1,3)-galactosyltransferase, CMAH and B4GalNT2 gene in at least one cell of said livestock animal, wherein
expression of α(1,3)- galactosyltransferase, CMAH and B4GalNT2 is abolished compared to a wild-type livestock animal.
[0019] In particular said genetically modified non-human mammal is chosen from the group consisting of a pig, a
bovine, an equine, a sheep, a goat, a buffalo, a camel and a rabbit, said non-human mammal comprising mutated
α(1,3)-galactosyltransferase (GGTA1), cytidine monophosphate-N-acetylneuraminic acid hydroxylase (CMAH) and
beta1-4N-acetylgalactosaminyltransferase (B4GalNT2) genes in at least one cell,
wherein:

when said non-human mammal is a pig:

- the α(1,3)-galactosyltransferase gene has a sequence chosen from the group consisting of SEQ ID NO:91,
SEQ ID NO:92, SEQ ID NO:93, SEQ ID NO:94, SEQ ID NO:95, SEQ ID NO:96, SEQ ID NO:97 and SEQ ID
NO:98;

- the CMAH gene has a sequence chosen from the group consisting of SEQ ID NO:99, SEQ ID NO:100, SEQ
ID NO:101, SEQ ID NO:102, SEQ ID NO:103, SEQ ID NO:104 and SEQ ID NO:105; and

- the B4GalNT2 gene has a sequence chosen from the group consisting of SEQ ID NO:106, SEQ ID NO:107,
SEQ ID NO:108, SEQ ID NO:109, SEQ ID NO:110, SEQ ID NO:111, SEQ ID NO:112, SEQ ID NO:113, SEQ
ID NO:114, SEQ ID NO:115, SEQ ID NO:116, SEQ ID NO:117, SEQ ID NO:30, SEQ ID NO:31, SEQ ID NO:118
and SEQ ID NO:119;
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when said non-human mammal is a bovine:

- the α(1,3)-galactosyltransferase gene has a sequence chosen from the group consisting of SEQ ID NO:120,
SEQ ID NO:121, SEQ ID NO:122, SEQ ID NO:123, SEQ ID NO:124 and SEQ ID NO:125; and

- the CMAH gene has a sequence chosen from the group consisting of SEQ ID NO:126, SEQ ID NO:127, SEQ
ID NO:128, SEQ ID NO:129, SEQ ID NO:130, SEQ ID NO:131 and SEQ ID NO:132; and

when said non-human mammal is an equine:

- the α(1,3)-galactosyltransferase gene having the sequence of SEQ ID NO:68;
- the CMAH gene having a sequence chosen from the group consisting of SEQ ID NO:78, SEQ ID NO:79 and

SEQ ID NO:80; and
- the B4GalNT2 gene having the sequence of SEQ ID NO:90 are mutated.

[0020] The genetically modified non-human mammals, comprising a disrupted GGTA1, CMAH and B4GalNT2 genes,
are not expressing the α(1,3)-galactosyltransferase, cytidine monophosphate-N-acetylneuraminic acid hydroxylase and
β1,4-N-acetylgalactosaminyltransferase in their organs, tissues or cells and may be used as source animal derivatives
for feeding and or treating patients affected by the red meat allergy or patients affected by chronic degenerative and
autoimmune diseases.
[0021] The red meat allergy may be given also by the animal innards.
[0022] The term "edited" as used herein, is intended as "mutated" and thus containing one of more genes that have
been altered, removed or disrupted. It is to be emphasized that the term is to be intended to include also the progeny
(descendant) of such animals. Thus, the founder animal and all F1, F2, F3 and so on progeny thereof are included,
regardless of whether progeny were generated by somatic cell nuclear transfer (SCNT) from the founder animal or a
progeny animal or by traditional breeding. By "single edited" is meant a genetically modified non-human mammal wherein
one gene has been altered, removed or disrupted. By "double edited" is meant a genetically modified non-human mammal
wherein two genes have been altered, removed or disrupted. By "triple edited" is meant a genetically modified non-
human mammal wherein three genes have been altered, removed or disrupted.
[0023] By the term "disrupted" as used herein, it is intended to include mutated by insertion, deletion or substitution
of one or more bases. A "mutation" is a detectable change in the genetic material in the animal that is transmitted to the
animal’s progeny. A mutation is usually a change in one or more deoxyribonucleotides, such as, for example adding,
inserting, deleting, inverting or substituting nucleotides.
[0024] In principle, edited animals may have both copies of the gene sequence of interest disrupted. In the case where
only one copy or allele of the nucleic acid sequence of interest is disrupted, the knockout animal is termed a "heterozygous
edited animal". The term "null" mutation encompasses both instances in which the two copies (alleles) of a nucleotide
sequence of interest are disrupted differently but for which the disruptions overlap such that some genetic material has
been removed from both alleles, and instances in which both alleles of the nucleotide sequence of interest share the
same disruption.
[0025] In a preferred embodiment, the genetically modified non-human mammal according to the invention is chosen,
but not limited to, from the group consisting of pig, bovine, equine, sheep, goat, buffalo, asses, camels and rabbit.
[0026] For the purposes of the present disclosure, each gene has a corresponding SEQ ID NO. as described herein.
[0027] Edited animals suitable for use in generation of low antigenicity foodstuffs and medical products or devices are
provided.
[0028] Food allergy symptoms are very common and can appear at any age. Allergies to food can be developed to
foods that have been eaten for years without any reaction.
[0029] Symptoms of an allergic reaction may involve the skin, the gastrointestinal tract, the cardiovascular system
and the respiratory tract. The present invention wishes to solve the problem of food allergy to meat and related syndromes.
[0030] Specifically, the present application describes the production of cloned triple edited pigs (triple knock-out) that
don’t express the enzymes alpha 1,3 galactosyltransferase (aGal), cytidine monophosphate-N-acetylneuraminic acid
hydroxylase (CMAH) and β 1,4 N-acetylgalactosaminyltransferase (B4GalNT2 and B4GalNT2-like) and the production
of double edited bovines that don’t express the enzymes alpha 1,3 galactosyltransferase (aGal) and cytidine monophos-
phate-N-acetylneuraminic acid hydroxylase (CMAH).
[0031] Expression of a gene product is abolished or suppressed when total expression of the gene product is unde-
tectable (mRNA and protein), a gene product of an altered size is produced or when the gene product exhibits an altered
functionality. Thus, if a gene is not expressed or if a gene expresses and altered (enzyme activity, size, cellular localization
pattern, receptor-ligand binding or other interaction) product expression of that gene product is abolished. Expression
may be analyzed by any means known in the art including, but not limited to, RT-PCR, Western blots, Northern blots,
microarray analysis, immunoprecipitation, radiological assays, polypeptide purification, spectrophotometric analysis,
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Coomassie staining of acrylamide gels, ELISAs, 2-D gel electrophoresis, in situ hybridization, chemiluminescence, silver
staining, enzymatic assays, ponceau S staining, multiplex RT-PCR, immunohistochemical assays, radioimmunoassay,
colorimetric assays, immunoradiometric assays, positron emission tomography, fluorometric assays, fluorescence ac-
tivated cell sorter staining of permeablized cells, radioimunnosorbent assays, real-time PCR, hybridization assays,
sandwich immunoassays, flow cytometry, SAGE, differential amplification or electronic analysis. Expression may be
analyzed directly or indirectly. Indirect expression analysis may include but is not limited to, analyzing levels of a product
catalyzed by an enzyme to evaluate expression of the enzyme.
[0032] In a further embodiment, the genetically modified non-human mammal according to the invention is a pig and:

- the α(1,3)-galactosyltransferase gene having the sequence of SEQ ID NO:10;
- the CMAH gene having a sequence of SEQ ID NO:20; and
- the B4GalNT2 gene has a sequence of SEQ ID NO:30, SEQ ID NO:31 or SEQ ID NO:32 are mutated.

[0033] The edited pig according to the invention surprisingly has an expression of α(1,3)-galactosyltransferase, CMAH
and B4GalNT2 which is abolished compared to a wild-type pig, and, for example, when using tissue from said edited
pig any allergic reaction is prevented as compared to when tissue from a wild-type pig is used.
[0034] In embodiments of the present invention, pigs and porcine organs, tissues and cells therefrom are provided in
which the αGal, CMAH, B4GalNT2 and B4GalNT2-like genes are not active, such that the resultant αGal, CMAH,
B4GalNT2 products not generate wild-type of a1,3-galactosyl epitopes, Neu5Gc or Sda-like epitopes on a cell surface,
glycoprotein or glycolipid.
[0035] In an alternative embodiment the αGal, B4GalNT2 and CMAH genes are inactivated in such a way that no
transcription of the gene occurs. In various embodiments triple αGal/B4GalNT2/CMAH knockout pigs were made.
[0036] In a still more preferred embodiment, the edited pig according to the invention wherein

- the α(1,3)-galactosyltransferase gene has the sequence of SEQ ID NO:91;
- the CMAH gene has the sequence of SEQ ID NO:99; and
- the B4GalNT2 gene has the sequences of SEQ ID NO:106 in allele A and SEQ ID NO:107 in allele B or SEQ ID

NO:114 in allele A and SEQ ID NO:31 in allele B;
or

- the α(1,3)-galactosyltransferase gene has the sequences of SEQ ID NO:92 in allele A and SEQ ID NO:93 in allele B;
- the CMAH gene has the sequences of SEQ ID NO:100 in allele A and SEQ ID NO:101 in allele B; and
- the B4GalNT2 gene has the sequences of SEQ ID NO:108 in allele A and SEQ ID NO:109 in allele B or SEQ ID

NO:115 in allele A and SEQ ID NO:116 in allele B;
or

- the α(1,3)-galactosyltransferase gene has the sequence of SEQ ID NO:94;
- the CMAH gene has the sequence of SEQ ID NO:102; and
- the B4GalNT2 gene has the sequences of SEQ ID NO:110 in allele A and SEQ ID NO:111 in allele B or SEQ ID

NO:117 in allele A and SEQ ID NO:31 in allele B;
or

- the α(1,3)-galactosyltransferase gene has the sequence of SEQ ID NO:95 in allele A and SEQ ID NO: 96 in allele B;
- the CMAH gene has the sequence of SEQ ID NO:103 in allele A and SEQ ID NO: 104 in allele B; and
- the B4GalNT2 gene has the sequences of SEQ ID NO:112 in allele A and SEQ ID NO:30 in allele B or SEQ ID

NO:118 in allele A and SEQ ID NO:118 in allele B;
or
Fetus-2.

- the α(1,3)-galactosyltransferase gene has the sequence of SEQ ID NO:97 in allele A and SEQ ID NO: 98 in allele B;
- the CMAH gene has the sequence of SEQ ID NO:105; and
- the B4GalNT2 gene has the sequences of SEQ ID NO:113 in allele A and SEQ ID NO:113 in allele B or SEQ ID

NO:119 in allele A and SEQ ID NO:31 in allele B;

Edited animals suitable for use in xenotransplantation and methods of producing mammals suitable for use in generation
of healthier food and medical products and methods of producing mammals suitable for use in food and medical pro-
ductions are provided (Example 9 and Example 10). Specifically, the present invention describes the production of
double edited cattle (double knock-out) with abolished expression of alpha 1,3 galactosyltransferase (aGal) and (β 1,4
N-acetylgalactosaminyltransferase (B4GalNT2).
[0037] In a further embodiment, the genetically modified non-human mammal according to the invention is a bovine and:

- the α(1,3)-galactosyltransferase gene having the sequence of SEQ ID NO:40 or SEQ ID NO:41;
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- the CMAH gene having a sequence chosen from the group consisting of SEQ ID NO:46 are mutated; and optionally
- the B4GalNT2 gene has a sequence of SEQ ID NO:59 is also mutated.

[0038] The edited bovine according to the invention surprisingly has an expression of α(1,3)-galactosyltransferase
and CMAH which is abolished compared to a wild-type bovine, and when using tissue from said edited bovine any
allergic reaction is prevented as compared to when tissue from a wild-type bovine is used.
[0039] In a preferred embodiment, the genetically modified non-human mammal is a bovine and wherein,

- the α(1,3)-galactosyltransferase gene has the sequences of SEQ ID NO:120 in allele A and SEQ ID NO:121 in allele B;
- the CMAH gene has the sequence of SEQ ID NO:126

or
- the α(1,3)-galactosyltransferase gene has the sequences of SEQ ID NO:122;
- the CMAH gene has the sequences of SEQ ID NO:127 in allele A and SEQ ID NO:128 in allele B

or
Fetus-2180

- the α(1,3)-galactosyltransferase gene has the sequences of SEQ ID NO: 123;
- the CMAH gene has the sequences of SEQ ID NO:129 in allele A and SEQ ID NO:130 in allele B

or
Fetus-2197.
the α(1,3)-galactosyltransferase gene has the sequences of SEQ ID NO:124 in allele A and SEQ ID NO:125 in allele B;

- the CMAH gene has the sequences of SEQ ID NO:131 in allele A and SEQ ID NO:132 in allele B.

[0040] The edited equine according to the invention surprisingly has an expression of α(1,3)-galactosyltransferase,
CMAH and B4GalNT2 which is abolished compared to a wild-type equine, and when using tissue from said edited equine
any allergic reaction is prevented as compared to when tissue from a wild-type equine is used.
[0041] In a still further embodiment the present invention provides a product isolated from the genetically modified
non-human mammal wherein said product is chosen from the group consisting of an carcass, meat, milk, organ, tissue,
transfusion product or a cell.
[0042] The organ, tissue, transfusion product, cell or derivative could be used by patients affected by the red meat
syndrome improving an allergy related symptom as compared to when an organ, tissue, transfusion product, cell or
derivative from a wild-type livestock animals is used.
[0043] When the organ, tissue, transfusion product, cell or derivative from the genetically modified non-human mam-
mals of the invention is used by humans, anaphylaxis, urticarial, alpha gal IgE antibodies and gastrointestinal diseases
are abolished as compared to when an organ, tissue, transfusion product, cell or derivative from a wild-type livestock
animal is used.
[0044] Furthermore, when the organ, tissue, transfusion product, cell or derivative from the genetically modified non-
human mammals of the invention is used by humans, angioedema is decreased as compared to when an organ, tissue,
transfusion product, cell or derivative from a wild-type livestock animal is used by humans.
[0045] Edited meat material can be isolated from edited animal. Any organ can be used including, but not limited to,
the brain, heart, lungs, eye, muscle, stomach, pancreas, kidneys, liver, intestines, uterus, bladder, skin, hair, nails, ears,
glands, nose, mouth, lips, spleen, gums, teeth, tongue, salivary glands, tonsils, pharynx, esophagus, large intestine,
small intestine, small bowel, rectum, anus, thyroid gland, thymus gland, bones, cartilage, tendons, ligaments, suprarenal
capsule, skeletal muscles, smooth muscles, blood vessels, blood, spinal cord, trachea, ureters, urethra, hypothalamus,
pituitary, pylorus, adrenal glands, ovaries, oviducts, uterus, vagina, mammary glands, testes, seminal vesicles, penis,
lymph, lymph nodes and lymph vessels.
[0046] In a preferred embodiment the present invention provides an organ isolated from the genetically modified non-
human mammal, wherein said organ is selected from the group consisting of muscle, udder, skin, heart, liver, kidneys,
lung, pancreas, thyroid, small bowel, blood and components thereof.
[0047] In a still further embodiment the present invention provides the use of the product isolated from the genetically
modified non-human mammal of the invention for the preparation of animal derived products to prevent specific xeno-
allergies and chronic degenerative and autoimmune diseases.
[0048] The products according to the invention surprisingly do not express the αGal, Neu5GC and Sda-like antigens,
thus avoiding formation of new, or the reaction of specific human xeno-antibodies (IgE, IgG, IgM, etc).
[0049] The products according to the invention surprisingly prevent an allergy related symptom as compared to when
an organ, tissue, transfusion product, cell or derivative from a wild-type livestock animals is used.
[0050] In a still further embodiment the present invention provides the use of the product isolated from the genetically
modified non-human mammal for the preparation of animal derived products to prevent specific xeno-allergies, food
born allergies and autoimmune and degenerative diseases.
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[0051] In a still further embodiment the present invention provides the use of the product isolated from the genetically
modified non-human mammal for the direct consumption or for the preparation of animal derived products (foodstuffs)
for human consumption and for advanced therapy medicinal products.
[0052] In a still further embodiment the present invention provides the use of the product isolated from the genetically
modified non-human mammal for the preparation of animal derived products for human drug production and for human
medical devices production.
[0053] In a still further embodiment the present invention provides the use of the product isolated from the genetically
modified non-human mammal for the preparation of animal derived products for antisera or antibody production and for
products for human cosmetics and human detergents production.
[0054] The invention further relates to a method of preparing animal derived products to prevent specific xeno-allergies,
comprising providing the genetically modified non-human mammal as a source of raw biological materials and wherein
said raw biological material is selected from the group consisting of organs, tissues, transfusion products, cells or
derivative and wherein said raw biological material do not express the αGal antigens, the Neu5GC antigens and the
Sda-like antigens, avoiding formation of new specific human xeno-antibodies.

Table 1. Oligonucleotides used for genotyping of wild type cell lines, edited colonies and cloned animals 
(piglets and calves).

Oligo Sequence (5’-3’)
Amplicon 

(bp)
Gene

sgRNA 
target 
(Exon)

Specie

PCR-
ssGGTA1 FW

GGACCTTGGGATCAGTCAGG SEQ ID 
NO:1

492 GGTA1 3 S.scrofa
PCR-
ssGGTA1 RV

CGGCAACTCTCTGGAATGC SEQ ID 
NO:2

PCR-
ssGGTA1 
FW2

GTAGACCTAGGAAACGGATGC SEQ 
ID NO:3

894 GGTA1 3 S.scrofa

PCR-
ssGGTA1 RV2

CGGTATTTAAGGGCTCAGG SEQ ID 
NO:4

PCR-ssCMAH 
FW

CCTTTCATGAGTTTTGTGTTCAACC 
SEQ ID NO:11

327 CMAH 4 S.scrofa
PCR-ssCMAH 
RV

AATCAGAATGCATCCAAGGCTTC 
SEQ ID NO:12

PCR-ssCMAH 
FW2

CCCTATCTCCAACTATCACATCC SEQ 
ID NO:13

2105 CMAH 4 S.scrofa
PCR-ssCMAH 
RV2

TGGTCAATTGTCCTCTCACCTACACA 
SEQ ID NO:14

PCR-
ssB4GNT2 FW

CGCAAGTGACCAGACATCGTTCCC 
SEQ ID NO:21

465 B4GNT2 2 S.scrofa
PCR-
ssB4GNT2RV

CACCGTAGAAATCGGGTTTCTCAGG 
SEQ ID NO:22

PCR-
ssB4GNT2 
FW2

CGCAAGTGACCAGACATCGTTC SEQ 
ID NO:23

471
B4GNT2-

like
2 S.scrofa

PCR-
ssB4GNT2 
RV2

AGGTGAAGAGGCTCCTGACATG SEQ 
ID NO:24

PCR-
btGGTA1 FW

GGATGCCTTTGATAGAGTTGG SEQ ID 
NO:33

440 GGTA1 9 B. taurus
PCR-
btGGTA1 RV

GCTTTCATCATGCCATTGG SEQ ID 
NO:34
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(continued)

Oligo Sequence (5’-3’)
Amplicon 

(bp)
Gene

sgRNA 
target 
(Exon)

Specie

PCR-
btGGTA1 FW2

AGCATCTTTCACAACTCAGG SEQ ID 
NO:35

739 GGTA1 4 B. taurus
PCR-
btGGTA1 RV2

TGAGACATTAGGAACATGGC SEQ ID 
NO:36

PCR-btCMAH 
FW

TCAGGAGGAGACATCACCAACGG 
SEQ ID NO:42

225 CMAH 2 B. taurus
PCR-btCMAH 
RV

TGCCCATCCTACTTGTCGAGGG SEQ 
ID NO:43

Table 2. Summary of mutations (Insertions/deletions) detected in cloned T-KO (triple-knock out)/D-KO (double 
knock-out) piglets.

ID N° GGTA1 CMAH B4GalNT2 B4GalNT2-like

Pig745 
(colony 
#U3) T-
KO

del del del AAAGCGTGTTCC 
(-12bp)

del GAAGC + in AAA (-
2bp)

SEQ ID NO:106 SEQ ID NO:114

del AAAGCGTGTTCC 
TC + GAAG (-10bp) 
SEQ ID NO:107

WT SEQ ID NO:31



EP 3 510 861 A2

11

5

10

15

20

25

30

35

40

45

50

55

(continued)

ID N° GGTA1 CMAH B4GalNT2 B4GalNT2-like

Pig746 
Pig748 
Pig750 
(colony 
#O2) T-
KO

in GT (+2 bp) SEQ ID 
NO:92

del CTTCTG (-6bp) SEQ ID NO:
100

del AAAGCGTGTTCC 
(-12 bp)

del GAAGCGTGTTCC (-
12 bp)

SEQ ID NO:108 SEQ ID NO:115
in

del TCT (-3bp) SEQ ID NO:101 del 
CGTGTTCCTCGATA + 
in GATC (-10 bp) SEQ 
ID NO:109

del TGTGTTCCTCGATA 
+ in GATC (-10 bp) SEQ 
ID NO:116

Pig747 del T (-1 bp) del del AAAGCGTGTTCC del GAAGCGTGTTCC
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(continued)

ID N° GGTA1 CMAH B4GalNT2 B4GalNT2-like

Pig749 
(colony 
#N1) D-
KO

SEQ ID NO:94 (-9 bp) SEQ ID NO:110 (-12bp) SEQ ID NO:117

del AAAGT + in GAAGT 
(Q29R)

WT
SEQ ID NO:31

SEQ ID NO:111

Fetus-1 
(colony 
#2E1) D-
KO

del del in TG (+2 bp) del C + in TT (+1 bp)
SEQ ID NO:112 SEQ ID NO:118

WT

SEQ ID NO:30

del AGCTT + in G (-4 bp)
SEQ ID NO:104
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(continued)

ID N° GGTA1 CMAH B4GalNT2 B4GalNT2-like

del

Fetus-2 
(colony 
#3C8) T-
KO

del T (-1 bp) del TT (-2 bp) del AAAGCGTGTTCC 
(-12 bp)

del
SEQ ID NO:97 SEQ ID NO:105

SEQ ID NO:113
del CTGTC (-5 bp)
SEQ ID NO:98

WT
SEQ ID NO:31
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Table 4. List of oligos used for the assembly of desired CRISPR/Cas9 expression vectors.

Oligo name Sequence (5’-3’)
sgRNAs targeting sequence (5’-

3’; without PAM)
Gene (specie)

sB4GNT2cr1 
FW

CACCGCTGTATCGAGGAACACGCTT 
SEQ ID NO:133

CTGTATCGAGGAACACGCTT
B4GalNT2 and 
B4GalNT2-like 

(Sus scrofa)sB4GNT2cr1 
RV

AAACAAGCGTGTTCCTCGATACAGC 
SEQ ID NO:134

sB4GNT2cr2 
FW

CACCGACATAAAGAGTCCAACGCTC 
SEQ ID NO:135

ACATAAAGAGTCCAACGCTC
B4GalNT2 and 
B4GalNT2-like 

(Sus scrofa)sB4GNT2cr2 
RV

AAACGAGCGTTGGACTCTTTATGTC 
SEQ ID NO:136

sB4GNT2cr3 
FW

CACCGCTTCAGCGTCTGCGCATCCA 
SEQ ID NO:137

CTTCAGCGTCTGCGCATCCA
B4GalNT2 and 
B4GalNT2-like 

(Sus scrofa)sB4GNT2cr3 
RV

AAACTGGATGCGCAGACGCTGAAGC 
SEQ ID NO:138

btGGTA1cr1 
FW

CACCGGTGGAGACCCTGGGCGAGT 
SEQ ID NO:139

GGTGGAGACCCTGGGCGAGT
GGTA1 (Bos 

taurus)btGGTA1cr1 
RV

AAACACTCGCCCAGGGTCTCCACC 
SEQ ID NO:140

btGGTA1cr2 
FW

CACCGCTACAAGCCTGGTGGTACA 
SEQ ID NO:141

GCTACAAGCCTGGTGGTACA
GGTA1 (Bos 

taurus)btGGTA1cr2 
RV

AAACTGTACCACCAGGCTTGTAGC 
SEQ ID NO:142

btGGTA1cr3 
FW

CACCGTACCACCAGGCTTGTAGCT 
SEQ ID NO:143

GTACCACCAGGCTTGTAGCT
GGTA1 (Bos 

taurus)btGGTA1cr3 
RV

AAACAGCTACAAGCCTGGTGGTAC 
SEQ ID NO:144

btGGTA1cr4 
FW

CACCGACACTTCTTTTCTTACAAT 
SEQ ID NO:145

GACACTTCTTTTCTTACAAT
GGTA1 (Bos 

taurus)btGGTA1cr4 
RV

AAACATTGTAAGAAAAGAAGTGTC 
SEQ ID NO:146

btGGTA1cr5 
FW

CACCGGTTTTCGCCGTCGGAAGGT 
SEQ ID NO:147

GGTTTTCGCCGTCGGAAGGT
GGTA1 (Bos 

taurus)btGGTA1cr5 
RV

AAACACCTTCCGACGGCGAAAACC 
SEQ ID NO:148

btGGTA1cr6 
FW

CACCGGAGACCCTGGGCGAGTCGG 
SEQ ID NO:149

GGAGACCCTGGGCGAGTCGG
GGTA1 (Bos 

taurus)btGGTA1cr6 
RV

AAACCCGACTCGCCCAGGGTCTCC 
SEQ ID NO:150

btGGTA1cr7 
FW

CACCGCTGGGCCACCGACTCGCCC 
SEQ ID NO:151

GCTGGGCCACCGACTCGCCC
GGTA1 (Bos 

taurus)btGGTA1cr7 
RV

AAACGGGCGAGTCGGTGGCCCAGC 
SEQ ID NO:152
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(continued)

Oligo name Sequence (5’-3’)
sgRNAs targeting sequence (5’-

3’; without PAM)
Gene (specie)

btGGTA1cr8 
FW

CACCGGTCTTCCAAGACAAGTTTG 
SEQ ID NO:153

GGTCTTCCAAGACAAGTTTG
GGTA1 (Bos 

taurus)btGGTA1cr8 
RV

AAACCAAACTTGTCTTGGAAGACC 
SEQ ID NO:154

btGGTA1cr9 
FW

CACCGGGATCTGCCTTGTACCACC 
SEQ ID NO:155

GGGATCTGCCTTGTACCACC
GGTA1 (Bos 

taurus)btGGTA1cr9 
RV

AAACGGTGGTACAAGGCAGATCCC 
SEQ ID NO:156

btGGTA1cr10 
FW

CACCGGTCCACATCCATGCAGAAA 
SEQ ID NO:157

GGTCCACATCCATGCAGAAA
GGTA1 (Bos 

taurus)btGGTA1cr10 
RV

AAACTTTCTGCATGGATGTGGACC 
SEQ ID NO:158

btGGTA1cr11 
FW

CACCGGTTGACTTCCTTTTCTGCA 
SEQ ID NO:159

GGTTGACTTCCTTTTCTGCA
GGTA1 (Bos 

taurus)btGGTA1cr11 
RV

AAACTGCAGAAAAGGAAGTCAACC 
SEQ ID NO:160

btGGTA1cr12 
FW

CACCGTCAACCTCATGCTGGATGT 
SEQ ID NO:161

GTCAACCTCATGCTGGATGT
GGTA1 (Bos 

taurus)btGGTA1cr12 
RV

AAACACATCCAGCATGAGGTTGAC 
SEQ ID NO:162

btGGTA1cr13 
FW

CACCGACTATCGGGGAGCACATTG 
SEQ ID NO:163

GACTATCGGGGAGCACATTG
GGTA1 (Bos 

taurus)btGGTA1cr13 
RV

AAACCAATGTGCTCCCCGATAGTC 
SEQ ID NO:164

btGGTA1cr14 
FW

CACCGATGCGCATGAAGACTATCG 
SEQ ID NO:165

GATGCGCATGAAGACTATCG
GGTA1 (Bos 

taurus)btGGTA1cr14 
RV

AAACCGATAGTCTTCATGCGCATC 
SEQ ID NO:166

btGGTA1cr15 
FW

CACCGCATACATTCCCTTCGGCGAA 
SEQ ID NO:167

CATACATTCCCTTCGGCGAA
GGTA1 (Bos 

taurus)btGGTA1cr15 
RV

AAACTTCGCCGAAGGGAATGTATGC 
SEQ ID NO:168

btGGTA1cr16 
FW

CACCGATAAAAATCCCCTTCGCCGA 
SEQ ID NO:169

ATAAAAATCCCCTTCGCCGA
GGTA1 (Bos 

taurus)btGGTA1cr16 
RV

AAACTCGGCGAAGGGGATTTTTATC 
SEQ ID NO:170

btGGTA1cr17 
FW

CACCGATACATTCCCTTCGGCGAAG 
SEQ ID NO:171

ATACATTCCCTTCGGCGAAG
GGTA1 (Bos 

taurus)btGGTA1cr17 
RV

AAACCTTCGCCGAAGGGAATGTATC 
SEQ ID NO:172

btGGTA1cr18 
FW

CACCGCATACATTCCCTTCGGCGA 
SEQ ID NO:173

GCATACATTCCCTTCGGCGA
GGTA1 (Bos 

taurus)btGGTA1cr18 
RV

AAACTCGCCGAAGGGAATGTATGC 
SEQ ID NO:174
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(continued)

Oligo name Sequence (5’-3’)
sgRNAs targeting sequence (5’-

3’; without PAM)
Gene (specie)

btGGTA1cr19 
FW

CACCGTAAAAATCCCCTTCGCCGAA 
SEQ ID NO:175

TAAAAATCCCCTTCGCCGAA
GGTA1 (Bos 

taurus)btGGTA1cr19 
RV

AAACTTCGGCGAAGGGGATTTTTAC 
SEQ ID NO:176

btGGTA1cr20 
FW

CACCGCAACTGTCATTGTTGTGTTT 
SEQ ID NO:177

CAACTGTCATTGTTGTGTTT
GGTA1 (Bos 

taurus)btGGTA1cr20 
RV

AAACAAACACAACAATGACAGTTGC 
SEQ ID NO:178

btGGTA1cr21 
FW

CACCGCTTCCGAGATGGTTTAACAA 
SEQ ID NO:179

CTTCCGAGATGGTTTAACAA
GGTA1 (Bos 

taurus)btGGTA1cr21 
RV

AAACTTGTTAAACCATCTCGGAAGC 
SEQ ID NO:180

btGGTA1cr22 
FW

CACCGCAAGCTTAAGCTATCGGAC 
SEQ ID NO:181

GCAAGCTTAAGCTATCGGAC
GGTA1 (Bos 

taurus)btGGTA1cr22 
RV

AAACGTCCGATAGCTTAAGCTTGC 
SEQ ID NO:182

btGGTA1cr23 
FW

CACCGAGAAAATAATGAATGTCAA 
SEQ ID NO:183

GAGAAAATAATGAATGTCAA
GGTA1 (Bos 

taurus)btGGTA1cr23 
RV

AAACTTGACATTCATTATTTTCTC SEQ 
ID NO:184

btCMAHcr1 
FW

CACCGGCAACGACAGACTATGGGC 
SEQ ID NO:185

GGCAACGACAGACTATGGGC
CMAH (Bos 

taurus)btCMAHcr1 
RV

AAACGCCCATAGTCTGTCGTTGCC 
SEQ ID NO:186

btCMAHcr2 
FW

CACCGCCAAATCTTCAGGAGATCT 
SEQ ID NO:187

GCCAAATCTTCAGGAGATCT
CMAH (Bos 

taurus)btCMAHcr2 
RV

AAACAGATCTCCTGAAGATTTGGC 
SEQ ID NO:188

btCMAHcr3 
FW

CACCGGTGTTTGACCCTTGGTTAA 
SEQ ID NO:189

GGTGTTTGACCCTTGGTTAA
CMAH (Bos 

taurus)btCMAHcr3 
RV

AAACTTAACCAAGGGTCAAACACC 
SEQ ID NO:190

btCMAHcr4 
FW

CACCGCCATTCTTCTGAAATACCC 
SEQ ID NO:191

GCCATTCTTCTGAAATACCC
CMAH (Bos 

taurus)btCMAHcr4 
RV

AAACGGGTATTTCAGAAGAATGGC 
SEQ ID NO:192

btCMAHcr5 
FW

CACCGACTATGGGCAGGCAAGTGA 
SEQ ID NO:193

GACTATGGGCAGGCAAGTGA
CMAH (Bos 

taurus)btCMAHcr5 
RV

AAACTCACTTGCCTGCCCATAGTC 
SEQ ID NO:194

btCMAHcr6 
FW

CACCGATCTGGGCTCTGAATCCCA 
SEQ ID NO:195

GATCTGGGCTCTGAATCCCA
CMAH (Bos 

taurus)btCMAHcr6 
RV

AAACTGGGATTCAGAGCCCAGATC 
SEQ ID NO:196
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(continued)

Oligo name Sequence (5’-3’)
sgRNAs targeting sequence (5’-

3’; without PAM)
Gene (specie)

btCMAHcr7 
FW

CACCGCCCAGATCTCCTGAAGATT 
SEQ ID NO:197

GCCCAGATCTCCTGAAGATT
CMAH (Bos 

taurus)btCMAHcr7 
RV

AAACAATCTTCAGGAGATCTGGGC 
SEQ ID NO:198

btCMAHcr8 
FW

CACCGAGAGGCAACGACAGACTAT 
SEQ ID NO:199

GAGAGGCAACGACAGACTAT
CMAH (Bos 

taurus)btCMAHcr8 
RV

AAACATAGTCTGTCGTTGCCTCTC 
SEQ ID NO:200

btCMAHcr9 
FW

CACCGTTAACATGGACACCGCGACC 
SEQ in ID NO:201

GTTAACATGGACACCGCGACC
CMAH (Bos 

taurus)btCMAHcr9 
RV

AAACGGTCGCGGTGTCCATGTTAAC 
SEQ ID NO:202

btCMAHcr10 
FW

CACCGACATATTCTTGCATGCTCGC 
SEQ ID NO:203

ACATATTCTTGCATGCTCGC
CMAH (Bos 

taurus)btCMAHcr10 
RV

AAACGCGAGCATGCAAGAATATGTC 
SEQ ID NO:204

btB4GNT2cr1 
FW

CACCGCCCAGGGCCAAGAATAAGA 
SEQ ID NO:205

GCCCAGGGCCAAGAATAAGA
B4GalNT2 

(Bos taurus)btB4GNT2cr1 
RV

AAACTCTTATTCTTGGCCCTGGGC 
SEQ ID NO:206

btB4GNT2cr2 
FW

CACCGCCGGACTAGGCTGAAGGAG 
SEQ ID NO:207

GCCGGACTAGGCTGAAGGAG
B4GalNT2 

(Bos taurus)btB4GNT2cr2 
RV

AAACCTCCTTCAGCCTAGTCCGGC 
SEQ ID NO:208

btB4GNT2cr3 
FW

CACCGGGTCTTGATATGTTCCTCA 
SEQ ID NO:209

GGGTCTTGATATGTTCCTCA
B4GalNT2 

(Bos taurus)btB4GNT2cr3 
RV

AAACTGAGGAACATATCAAGACCC 
SEQ ID NO:210

btB4GNT2cr4 
FW

CACCGATTCCATCGTGGGTAAAGA 
SEQ ID NO:211

GATTCCATCGTGGGTAAAGA
B4GalNT2 

(Bos taurus)btB4GNT2cr4 
RV

AAACTCTTTACCCACGATGGAATC 
SEQ ID NO:212

btB4GNT2cr5 
FW

CACCGTCCGTCTTATTCTTGGCCC 
SEQ ID NO:213

GTCCGTCTTATTCTTGGCCC
B4GalNT2 

(Bos taurus)btB4GNT2cr5 
RV

AAACGGGCCAAGAATAAGACGGAC 
SEQ ID NO:214

btB4GNT2cr6 
FW

CACCGAACATTCCGGCAGCCGGACT 
SEQ ID NO:215

AACATTCCGGCAGCCGGACT
B4GalNT2 

(Bos taurus)btB4GNT2cr6 
RV

AAACAGTCCGGCTGCCGGAATGTTC 
SEQ ID NO:216

btB4GNT2cr7 
FW

CACCGTCTCACCAGATTCCATCGT 
SEQ ID NO:217

GTCTCACCAGATTCCATCGT
B4GalNT2 

(Bos taurus)

btB4GNT2cr7 
RV

AAACACGATGGAATCTGGTGAGAC 
SEQ ID NO:218
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(continued)

Oligo name Sequence (5’-3’)
sgRNAs targeting sequence (5’-

3’; without PAM)
Gene (specie)

btB4GNT2cr8 
FW

CACCGAGCTTCAACATTCCGGCAGC 
SEQ ID NO:219

AGCTTCAACATTCCGGCAGC
B4GalNT2 

(Bos taurus)btB4GNT2cr8 
RV

AAACGCTGCCGGAATGTTGAAGCTC 
SEQ ID NO:220

btB4GNT2cr9 
FW

CACCGCTTCAGCCTAGTCCGGCTGC 
SEQ ID NO:221

CTTCAGCCTAGTCCGGCTGC
B4GalNT2 

(Bos taurus)btB4GNT2cr9 
RV

AAACGCAGCCGGACTAGGCTGAAGC 
SEQ ID NO:222

ecGGTA1cr1 
FW

CACCGAGCGTATATACCTATTGGTC 
SEQ ID NO:223

AGCGTATATACCTATTGGTC
GGTA1 
(Equus 

caballus)ecGGTA1cr1 
RV

AAACGACCAATAGGTATATACGCTC 
SEQ ID NO:224

ecGGTA1cr2 
FW

CACCGTCGGAAGCGTATATACCTAT 
SEQ ID NO:225

TCGGAAGCGTATATACCTAT
GGTA1 
(Equus 

caballus)ecGGTA1cr2 
RV

AAACATAGGTATATACGCTTCCGAC 
SEQ ID NO:226

ecGGTA1cr3 
FW

CACCGCGTATATACCTATTGGTCA 
SEQ ID NO:227

GCGTATATACCTATTGGTCA
GGTA1 
(Equus 

caballus)ecGGTA1cr3 
RV

AAACTGACCAATAGGTATATACGC 
SEQ ID NO:228

ecGGTA1cr4 
FW

CACCGATATGACACTTTCTATGTA 
SEQ ID NO:229

GATATGACACTTTCTATGTA
GGTA1 
(Equus 

caballus)ecGGTA1cr4 
RV

AAACTACATAGAAAGTGTCATATC 
SEQ ID NO:230

ecCMAHcr1 
FW

CACCGTATTCTTGCACGCTCGCAGG 
SEQ ID NO:231

TATTCTTGCACGCTCGCAGG
CMAH (Equus 

caballus)ecCMAHcr1 
RV

AAACCCTGCGAGCGTGCAAGAATAC 
SEQ ID NO:232

ecCMAHcr2 
FW

CACCGCGGAGGGTTGATATACTTCA 
SEQ ID NO:233

CGGAGGGTTGATATACTTCA
CMAH (Equus 

caballus)ecCNAHcr2 
RV

AAACTGAAGTATATCAACCCTCCGC 
SEQ ID NO:234

ecCMAHcr3 
FW

CACCGTCCCTCCAAATACCTAGGCT 
SEQ ID NO:235

TCCCTCCAAATACCTAGGCT
CMAH (Equus 

caballus)ecCMAHcr3 
RV

AAACAGCCTAGGTATTTGGAGGGAC 
SEQ ID NO:236

ecB4GNT2cr1 
FW

CACCGGCTATTGAACTGTGCGAGA 
SEQ ID NO:237

GGCTATTGAACTGTGCGAGA
B4GNT2 
(Equus 

caballus)ecB4GNT2cr1 
RV

AAACTCTCGCACAGTTCAATAGCC 
SEQ ID NO:238

ecB4GNT2cr2 
FW

CACCGAAGTTGTCAGTCTTAATCGC 
SEQ ID NO:239

AAGTTGTCAGTCTTAATCGC B4GNT2

ecB4GNT2cr2 
RV

AAACGCGATTAAGACTGACAACTTC 
SEQ ID NO:240
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[0055] Various embodiments and aspects of the present invention as delineated hereinabove and as claimed in the
claims section below find experimental support in the following examples.

EXAMPLES

[0056] Reference is now made to the following examples, which together with the above descriptions illustrate some
embodiments of the invention.

Example 1. DNA Sequencing Analysis of selected target genomic regions for porcine (GGTA1, CMAH. B4GalNT2 
and B4GalNT2-like) and bovine (GGTA1 and CMAH) genome editing.

[0057] Primary fibroblasts and tissues biopsies were lysed at 55°C for 3 hours using the lysis buffer (100 mM Tris HCl
pH 8.3, 5 mM EDTA pH 8.1, 0.2% SDS, 200 mM NaCl) supplemented with Proteinase K (300 mg/ml Macherey-Nagel,
Germany). Genomic DNA was extracted (Sambrook et al., 1989) and finally resuspended with 1X TE buffer (200 ml).
PCR amplifications of the GGTA1, CMAH and B4GalNT2 target regions were performed using gene specific primers
(Table 1). All the amplifications were performed in 12.5 mL reaction volume (0.4 mM d NTPs, 0.8 mM oligonucleotides,
0.05 U/ml LA-Taq in GCI Buffer, Nuclease-free H2O to volume) using the LA-Taq enzyme (Takara, Japan).
[0058] In Table 1 the sequences of used primers and the expected PCR products for the target genes are summarised.
[0059] PCR cycle conditions for porcine GGTA1 gene were as follows. For PCR-ssGGTA1 FW+RV (492 bp): 94°C 2
min; 94°C 30 sec, 60°C 30 sec, 72°C 30 sec for 40 cycles; and a final extension step at 72°C for 7 min. For PCR-
ssGGTA1 FW2+RV2 (894bp) 94°C 2 min; 94°C 30 sec, 55°C 30 sec, 72°C 1 min for 35 cycles; and a final extension
step at 72°C for 7 min.
[0060] For the porcine CMAH gene PCR cycle conditions were as follows. For PCR-ssCMAH FW+RV (327 bp): 94°C
2 min; 94°C 30 sec, 60°C 30 sec, 72°C 30 sec for 40 cycles; and a final extension step at 72°C for 7 min; using PCR-
ssCMAH FW2+RV2 (2104bp) 94°C 2 min; 94°C 30 sec, 63°C 30 sec, 72°C, 2 min for 35 cycles; and a final extension
step at 72°C for 7 min.
[0061] PCR cycle condition for the porcine B4GalNT2 gene were as follows (PCR-ssB4GNT2 FW+RV = 465 bp): 94°C
2 min; 94°C 30 sec, 60°C 30 sec, 72°C 30 sec for 35 cycles; and a final extension step at 72°C for 7 min.
[0062] PCR cycle condition for the porcine B4GalNT2-like gene were as follows (PCR-ssB4GNT2 FW2+RV2 = 471
bp): 94°C 2 min; 94°C 30 sec, 60°C 30 sec, 72°C 30 sec for 35 cycles; and a final extension step at 72°C for 7 min.
[0063] PCR cycle conditions for the bovine GGTA1 were as follows. For PCR-btGGTA1 FW+RV (440 bp): 94°C 2
min; 94°C 30 sec, 72°C (-1°C/cycle) 30 sec, 72°C 15 sec for 8 cycles; 94°C 30 sec, 58°C 30 sec, 72°C 15 sec for 35
cycles; and a final extension step at 72°C for 7 min. For PCR-btGGTA1 FW2+RV2 (739 bp): 94°C 2 min; 94°C 30 sec,
60°C 30 sec, 72°C 30 sec for 35 cycles; and a final extension step at 72°C for 7 min.
[0064] For the bovine CMAH gene, PCR cycle conditions were as follows (PCR-btCMAH FW+RV = 225 bp): 94°C 2
min; 94°C 30 sec, 58°C 30 sec, 72°C 30 sec for 40 cycles; and a final extension step at 72°C for 7 min.
[0065] To guarantee the absence of any genomic polymorphisms resulting PCR products were loaded onto a 2% TBE
agarose gel to confirm presence and purity, cloned in E.coli using the Topo-TA cloning kit (Topo TA, Thermo Fisher

(continued)

Oligo name Sequence (5’-3’)
sgRNAs targeting sequence (5’-

3’; without PAM)
Gene (specie)

ecB4GNT2cr3 
FW

CACCGCTATTGAACTGTGCGAGAAG 
SEQ ID NO:241

CTATTGAACTGTGCGAGAAG
B4GNT2 
(Equus 

caballus)ecB4GNT2cr3 
RV

AAACCTTCTCGCACAGTTCAATAGC 
SEQ ID NO:242

ecB4GNT2cr4 
FW

CACCGCTATTGAACTGTGCGAGAA 
SEQ ID NO:243

GCTATTGAACTGTGCGAGAA
B4GNT2 
(Equus 

caballus)ecB4GNT2cr4 
RV

AAACTTCTCGCACAGTTCAATAGC 
SEQ ID NO:244

ecB4GNT2cr5 
FW

CACCGTCAGTCTTAATCGCAGGACT 
SEQ ID NO:245

TCAGTCTTAATCGCAGGACT
B4GNT2 
(Equus 

caballus)ecB4GNT2cr5 
RV

AAACAGTCCTGCGATTAAGACTGAC 
SEQ ID NO:246



EP 3 510 861 A2

21

5

10

15

20

25

30

35

40

45

50

55

Scientific, Waltham, MA, USA) and subjected for Sanger sequencing analyses (Eurofin Genomics, Ebersberg, Germany).
[0066] Examples of the sequencing data obtained for the porcine and for the bovine wild type targets, can be found
in the Figures 1 and 2.

Example 2 RT-PCR analyses for B4GalNT2-like gene

[0067] In this example the experimental reasons that obliged us to analyse two different genomic sequences coding
for the porcine β1,4N-acetylgalactosaminyltransferase in order to guarantee its complete inactivation are described.
[0068] Starting from literature study we understood that in pig B4GalNT2 gene has a genomic organization different
from the other mammals like human, mice.
[0069] In 2013 Byrne described and completely characterized the porcine B4GalNT2 gene, its transcript identifying
(AK34612) and its genomic localization into the chromosome 12 (ENSSSCG00000040942). Two years after Estrada
and colleagues successfully inactivated this gene with the CRISPR/Cas9 genome editing system. They registered as
reference the transcript NM_001244330.1 updating and replacing the previous transcript (AK34612 - Byrne et al., 2014).
But during the characterization of the InDels affecting their triple knockout clones, Estrada and colleagues introduced
and used as reference gene a different genomic sequence that is registered as the B4GalNT2-like gene
(ENSSSCG00000030269). This gene is included into the chromosome 12 as the B4GalNT2 gene, but it is shorter, and
reverse-oriented to the B4GalNT2. It is about 65000 bp far from the B4GalNT2, and, even if it shares with the B4GalNT2
gene some regions with high homology, it’s not an exact duplication, because finally its homology rate with the B4GNT2
gene is only 64.7%. The exact name of this sequence was never reported and none transcriptional analyses were
presented for the B4GalNT2-like gene, omitting why it was decided to use this new genomic sequence. It was only
mentioned that a B4GalNT2 gene duplication could happened in pig, finding a reliable explanation to the three different
mutated B4GalNT2 allelic sequences detected in one of their alive triple KO pigs.
[0070] Analyzing the pig genes surrounding our targets and looking to their genomic disposition in other mammals
(human, mice, goat, sheep, equine, bovine), we found that always the IGF2bp1 gene is positioned before the B4GalNT2
gene, with the same orientation, as happened in pig for the B4GalNT2-like gene. By the way, further gene specific PCR-
analyses demonstrated us that both pig genes can be detected and sequenced, indeed in pig genome there is not an
assembly mistake of two different genomic contiguous.
[0071] In-silico transcriptional analyses predicted different transcript variants for each gene (5 for the B4GalNT2 and
9 for the B4GalNT2-like), describing for the B4GalNT2-like transcripts a situation similar to the human homologs where
different isoforms were described (short form, long form, soluble form - Dall’Olio et al. 2014).
[0072] Alignments of B4GalNT2 and B4GalNT2-like transcripts revealed a very high sequence homology with a single
evident difference at the 3’ terminus of the exon2. This exon is 189 bp long for the B4GalNT2 gene but it is 201 bp long
for the B4GalnT2-like gene, as reported for the human homolog. Following alignments analyses of the proteins resulting
from in-silico translations of the two different pig transcripts, that are homologs to the human transcript variant 2, revealed
that the B4GalNT2-like isoform is more similar to the human one (76.7 % Vs 75.1%) but both pig isoforms conserved
intact the aminoacidic domain (SQVTTKYVLWVDDDF = divalent cation binding domain) responsible for the transferase
activity of the beta 1-4 galactosyltransferase enzyme (Byrne et al., 2013).
[0073] For all these reasons we decide to retrotranscribe the RNA extracted from a culture of PAEC where it is possible
to detect the transcript coding for the Sda. Following RT-PCR analyses, focused on the exon2, confirmed us that two
different gene-specific transcripts could be detected. Using the oligonucleotides RT-sB4GNT2long FW (SEQ ID NO:
25) and RT-sB4GNT2long RV (SEQ ID NO: 26) we were finally able to amplify and to sequence one complete mRNA
(SEQ ID NO:32 MG675060) corresponding to the B4GalNT2-like transcript variant X5.
[0074] Considering all these data we thought that genomic characterization of Indels occurred into the B4GalNT2 and
B4GalNT2-like genes and their consequential inactivation is needed to guarantee the complete enzyme inactivation to
obtain the desired Sda negative phenotype.

Example . 3 Design and test of Talens expression vectors for the porcine GGTA1 and CMAH genes.

[0075] Editing of the porcine GGTA1 gene was achieved using the Transcription activator-like effector nucleases
(Talens). For each target region 3 different sets of Talens were studied and tested for their cutting efficiency. Desired
expressing vectors for GGTA1 gene (3 sets of Talens specific for the exon 3, 5 and 7) were purchased from Genecopoeia
(http://www.genecopoeia.com), instead for the CMAH gene, the Talens expressing vectors were generated in our lab-
oratories considering the exons 4 and 5 as possible targets.
[0076] Expressing vectors were transiently transfected (Nucleofector, program V024 Amaxa, Lonza, basel, Switzerlad)
into the porcine primary fibroblasts (1x106), and, after 48 hours, resulting cells were lysed extracting their genomic DNA
for following PCR analyses, whose operating conditions were previously described by the Example 1. Obtained PCR
products were loaded onto an 3% TBE 1X agarose gel for confirming the presence and purity before to use 400 ng of
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each sample for following mutational assays (IDT Surveyor® Mutation Detection Kit, IA, USA), following manufacturer’s
protocol. Treated samples were finally loaded on an high melting/high resolution 3% TBE 1X agarose gel for cutting
efficiency determination of each Talens set. We finally selected for the GGTA1 gene a set of Talens specific for the exon
3; for the CMAH gene a set of Talens specific for the exon 4.
[0077] Figure 5-A presents the endonucleases activity results obtained for the final selection of Talens used for editing
our porcine cell lines.
[0078] RVDs sequences of selected Talens are respectively described - to edit the GGTA1 gene - SEQ ID NO: 6, and
SEQ ID NO: 8, and the CMAH gene - SEQ ID NO:16 and SEQ ID NO:18.

Example. 4 Design and testing of CRISPR expression vectors for the porcine (B4GalNT2 and B4GalNT2-like), 
bovine (GGTA1, CMAH and B4GalNT2) and equine (GGTA1, CMAH and B4GalNT2) genes.

[0079] Expression of desired sgRNAs specific for the porcine (B4GalNT2 and B4GalNT2-like), bovine (GGTA1, CMAH
and B4GalNT2) and equine (GGTA1, CMAH and B4GalNT2) genes_was achieved using the pX330-U6-Chimeric_BB-
CBh-hSpCas9 expression vector that was a gift from Feng Zhang (Addgene plasmid # 42230). Annealing and cloning
of gene specific oligos (see Table 4) for the expression of sgRNA recognizing their relative target sequences (SEQ ID
NO: 27, SEQ ID NO: 28, SEQ ID NO: 29, SEQ ID NO: 37, SEQ ID NO: 38, SEQ ID NO: 39, SEQ ID NO: 44, SEQ ID
NO: 45, SEQ ID NO: 50, SEQ ID NO: 51, SEQ ID NO: 52, SEQ ID NO: 53, SEQ ID NO: 54, SEQ ID NO: 55, SEQ ID
NO: 56, SEQ ID NO: 57, SEQ ID NO: 58, SEQ ID NO: 64, SEQ ID NO: 65, SEQ ID NO: 66, SEQ ID NO: 67, SEQ ID
NO: 75, SEQ ID NO: 76, SEQ ID NO: 77, SEQ ID NO: 85, SEQ ID NO: 86, SEQ ID NO: 87, SEQ ID NO: 88, SEQ ID
NO: 89) were done following the protocol described by Cong et colleagues (Cong et al., 2013). Finally we generated 54
different expression vectors. After their endonuclease activity tests (see Example 2), finally 14 of them we selected and
used in our editing experiments: 1 sgRNA for porcine B4GalNT2 and B4GalNT2-like genes (SEQ ID NO: 27); 3 sgRNAs
for the bovine GGTA1 gene (SEQ ID NO: 37; SEQ ID NO: 38 and SEQ ID NO: 39); 2 sgRNA for the bovine CMAH gene
(SEQ ID NO: 44 and SEQ ID NO: 45); 2 sgRNA for the bovine B4GNT2 gene (SEQ ID NO: 50 and SEQ ID NO: 51); 3
sgRNA for the equine GGTA1 gene (SEQ ID NO: 64, SEQ ID NO: 65 and SEQ ID NO: 66); 1 sgRNA for the equine
CMAH gene (SEQ ID NO: 76); 2 sgRNAs for the equine B4GalNT2 gene (SEQ ID NO: 85 and SEQ ID NO: 86).
[0080] As example Figures 5-A and 5-B show the results obtained during the selection of sgRNAs targeting the bovine
CMAH (6-A), the equine GGTA1 and the equine CMAH (6-B).

Example 5. Production of Knockout Pigs (Triple edited pigs)

[0081] Primary fibroblast cell lines and colonies were cultured in TCM199/DMEM-F12, 1:1, + 20% FCS, + bFGF 82
ng/ml at 38.5°C in humidified atmosphere of 90% N2, 5% O2, and 5% CO2. Pig adult fibroblasts at passage 1 to 3 thawed
2 days before transfection, were trypsinized, 1x106 cells were resuspended in 100 ml of Nucleofector solution (Basic
Nucleofector Kit, Prim. Fibroblasts; Amaxa, Lonza, Basel, Switzerland) and were Nucleofected (Nucleofector program
V024, Amaxa, Lonza, Basel, Switzerland) contaiing: Talens expression vectors for the GGTA1 (2mg + 2mg); Talens
expression vectors for the CMAH gene (2mg + 2mg); CRISPR expression vector for the B4GalNT2/B4GalNT2-like genes
(1mg). Transfected cells were plated in 60 mm Petri dish and cultured for 6-7 days before IB4-selection of the Gal-KO
cells with paramagnetic beads (Li et al., 2013). Resulting beads-selected cells (Gal-KO cells) were plated in 20 Petri
dishes (ø = 150 mm; 100 cell/plate) and cultured for additional 8 days when the well growing colonies were picked-up
and divided in two aliquots for genotyping and cryo-preservation.
[0082] Genotyping of colonies was done using the same materials and methods described in the Example 1. CMAH
gene was analyses for all the colonies. Resulting PCR product were digested with HindIII and loaded onto a 2% TBE
agarose gel for colony selection.. Undigested colonies after the RFLP analyses and characterized by an CMAH elec-
trophoretic pattern different from wild type control were selected. At the end for these selected colonies the GGTA1,
CMAH and B4GalNT2/B4GalNT2-like genes were genotyped by cloning the obtained PCR product in E.coli (Topo TA,
Thermo Fisher Scientific, Waltham, MA, USA) and subsequent Sanger-sequencing analyses (Eurofin Genomics, Eber-
sberg, Germany). Only colonies that resulted knocked out at least for the GGTA1 and CMAH and that had inactivated
at least one of the B4GalNT2/B4GalNT2-like genes were used as nuclear donors for the somatic cell nuclear transfer
procedure, described in the Example 8. Two pregnancies went to term delivering 4 alive (Pig 746, Pig 747, Pig 748 and
Pig 750) and 2 stillborn piglets (Pig 745 and Pig 749) and one pregnancy was lost. Following analyses demonstrated
that 3 piglets are clones of the colony #O2 (Pig746, Pig748 and Pig750) and that Pig747 and Pig749 (stillborn) derived
from colony #N1. From colony #U3 we obtained only the stillborn animal Pig745.
[0083] Figures 1 (from A to D) shows DNA sequencing results generated for Pig 746, where target genes were disrupted
by mutations described as follows: GT insertion (SEQ ID NO:92) for the GGTA1 gene (Figure 1-A); CTTCTG deletion
(SEQ ID NO:100)/TCT deletion (SEQ ID NO:101) for the CMAH gene (Figure 1-B); AAAGCGTGTTCC deletion (SEQ
ID NO:108)/CGTGTTCCTCGATA deletion + GATC insertion (SEQ ID NO:109) for the B4GalNT2 gene (Figure 1-C);
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GAAGCGTGTTCC deletion (SEQ ID NO:115)/TGTGTTCCTCGATA deletion + GATC insertion (SEQ ID NO:116)for the
B4GalNT2-like (Figure 1-D). Table 2 summaries the sequencing results obtained on all piglets, including also the Indels
characterization of two aborted fetuses.

Example 6. Production of Knockout Bovines (Double edited bovines)

[0084] Primary fibroblasts cell lines and colonies were cultured in TCM199/DMEM-F12, 1:1, + 20% FCS, at 38.5°C in
humidified atmosphere of 90% N2, 5% O2, and 5% CO2. Bovine adult fibroblasts at passage 1 to 3 thawed 2 days before
transfection, were trypsinized, 2x106 cells were resuspended in 100 ml of Nucleofector solution (Basic Nucleofector Kit,
Prim. Fibroblasts; Amaxa, Lonza, Basel, Switzerland) contaiing: CRISPR expression vectors for the GGTA1 gene
(2mg+2mg); CRISPR expression vector for the CMAH gene (2mg); btCMAH-STOP ssODN (400 pmol) and Nucleofected
(Nucleofector program V024, Amaxa, Lonza, Basel, Switzerland). Transfected cells were plated in 60 mm Petri dish and
cultured for 7 days before IB4-selection of the Gal-KO cells with paramagnetic beads (Li et al., 2013). Resulting beads-
selected cells (Gal-KO cells) were plated in 20 Petri dishes (ø = 150 mm; 100 cell/plate) and cultured for additional 8
days when the well growing colonies were picked-up and divided in two aliquots for genotyping and cryo-preservation.
[0085] Genotyping of colonies was done using the same materials and methods described in the Example 1. Firstly
we analysed the CMAH gene in all the lysed colonies. PCR products were loaded onto a 2% TBE agarose gel for
detection of bands different from the wild type pattern. After all the colonies were RFLP analysed (Af/II) to detect colonies
where at least one allele was targeted with our single strand oligo. The colonies that resulted digested to the RFLP
analyses or that presented a modified electrophoresis pattern, were genotyped to characterize the mutations occurred
also into their CMAH and GGTA1 genes, following the same procedure described into the Example2. Only colonies that
resulted knocked out for both GGTA1 and CMAH genes were used as nuclear donors for the somatic cell nuclear transfer
procedure, described in the Example 8. Four different pregnancies went to term delivering 2 alive (9161 and 9162) and
2 stillborn (Fetus 2180 and 2197) calves. Following sequences analyses, summarized in Table 3, confirmed data of
colonies used for cloning.
[0086] Figures 2-A and 2-B shows DNA sequence analyses (Sanger sequencing) done for calf 9161, cloned from
colony #A4. In this case we obtained the disruption of target genes with mutations described as follows: AGACCCT-
GGGCGAGTCGGTGG deletion (SEQIDNO:120) GTGTTTAAGATCAAGCCTGAGAAGAGGTGGCAGGACATCAG-
CATGATGCGCATGA AGACTATCGGGGAGCACATTGTGGCCCACATCCAGCATGAGGTTGACTTCCTTTTC
TGCATGGATGTGGACCAGGTCTTCCAAGACAAGTTTGGGGTGGAGACCCTGGGCG
[0087] AGTCG deletion (SEQ ID NO:121) for the GGTA1 gene (Figure 2-A); GGCAAGTGAGGGAGGCA deletion
(SEQ ID NO:126) for the CMAH gene (Figure 2-B). Table 3 summaries the sequencing results obtained on the GGTA1
and CMAH gene sequences of the born cloned calves.

Example 7. Phenotype Analysis for αGal, Neu5Gc and Sda antigens in TKO porcine and in DKO bovine primary 
cells. A-CELL CULTURE

[0088] Cells (pig or bovine fibroblasts) are thawed and cultured in DMEM medium (GIBCO), with 10% FBS, 1% Peni
Strepto and bFGF (Sigma, 1ng/ml). Once confluent, cells are trypsinized, and split into two culture dishes, one with the
complete medium as above and the other with DMEM medium, 5% human serum (SIGMA), 1% Peni/strepto and bFGF
(SIGMA, 1ng/ml).

B-CELL STAINING

α-GAL

[0089] Cells (cultured in complete medium with FBS) are trypsinized, resuspended and washed in PBS + BSA 0,1%.
The cells are pelleted (2500rpm 1minute 4°C), and resuspended in PBS + BSA 0,1% containing the FITC coupled lectine
(BS-I Isolectin B4, SIGMA) diluted 1 :50, Incubated at 4°C for 30 minute. After 3 washes in PBS BSA 0,1% cells are
ready for FACS analysis.

Neu5Gc

[0090] Cells are cultured for at least 2 weeks in DMEM + human serum. Cells are put in 96 well plates (1.106 cells/well)
washed once with PBS with 0,5% fish gelatin, then incubated in 200ml PBS 0,5% fish gelatin with anti-Neu5Gc antibody
or control isotype (Biolegend, chicken polyclonal IgY, dilution 1 :1000) at 4°C for 1h., washed 4 times in PBS 0,5% fish
gelatin incubated in 100ml PBS 0,5% fish gelatin with Alexa647-coupled anti-lgY antibody (Jackson ImmunoResearch,
F(ab’)2 fragment donkey anti chicken 1 :500). at 4°C for 1h, washed 4 times in PBS 0,5% fish gelatin and transfered into
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FACS tubes.

B4GalNT2 (Sda)

[0091] Cells (cultured in complete medium with FBS) are trypsinized, resuspended and washed in PBS + BSA 0,1%.
The cells are pelleted (2500rpm 1minute 4°C), and resuspended in PBS + BSA 2% containing the biotynilated-DBA
lectine (USBIO D8085 1ug/ul), incubated 30 minutes at 4°C, followed by incubation with Streptavidin-PE (Becton Dis-
ckinson, 1 :500) for 30 minute at 4°C. After 3 washes in PBS BSA 2% cells are ready for FACS analysis.

C-FACS ANALYSIS

[0092] FACS analysis was conducted using a BD Pharmingen LSR-II flow cytometer and FlowJo software (TreeStar).
[0093] As example Figure 3 presents the results obtained for the phenotypical characterization by FACS of primary
cells from the cloned TKO Pig46 respectively for the aGal (Figure 3-A), for the Neu5Gc (Figure 3-B) and for the Sda

(Figure 3-C) antigens. Figure 4 presents the results obtained for the phenotypical characterization of primary cells from
the cloned DKO 9161 calf respectively for the aGal (Figure 4-A) and for the Neu5Gc (Figure 3-B) antigens.

Example 8. Reactivity test on α-Gal specific IgE and on Neu5Gc specific IgE from sera of patients affected by 
Read Meat allergy.

[0094] Firstly, to biochemically characterize the Neu5Gc and α-Gal in meat samples (porcine and bovine), meat
homogenates were coated onto a 96-well plate in triplicates (1 mg/well) and analyzed with anti-Neu5Gc IgY (Neu5Gc)
(Fig. 6-A), or monoclonal anti αGal IgM (Fig. 6-B), washed then detected with HRP-donkey-anti-chicken IgY or HRP-
goat-anti-mouse IgM, respectively. In Figure 6-A is shown that meat samples from swine wild-type (WT) and GGTA1-
KO (GKO), and bovine WT express Neu5Gc, while swine and bovine with CMAH-KO and GGTA1-KO (DKO) lack
Neu5Gc. Instead in Figure 6-B in shown that meat samples from WT swine and WT bovine express aGal , while swine
DKO or GKO, and bovine DKO lack aGal (mean 6 SD of triplicates; representative of at least two independent experi-
ments;).
[0095] Subsequently sera from patients affected by red meat allergy were used to assess the low antigenicity of meat
extracts derived from single (GGTA1-KO), double (GGTA1/CMAH-KO) and triple (GGTA1/CMAH/B4GalNT2-KO) edited
pigs. To this end, an inhibition assay was developed based on the ImmunoCAP platform (ImmunoCAP technique, Thermo
Fisher, Sweden). The results of the study demonstrate that the binding α-gal antigen specific IgE to their epitope was
prevented by co-incubation with red meat extracts from wild-type non-engineered animals. In contrast, co-incubation
with red meat extracts from GGTA1-KO animals did not inhibit such a binding. This data confirmed our hypothesis
regarding the validity of using low allergenic animal products for treatment and prevention of xeno-allergies related to
usage and consumption of animal-derived meat products.
[0096] As additional validation of previous data collected using 3-KO porcine tissues, we evaluated the human serum
reactivity against bovine meat samples. Meat homogenates were coated onto a 96-well plate in duplicates (1mg/well),
then reactivity of human serum IgE (1:100) was examined by ELISA in samples of donors with no allergy, birch-pollen
allergy or red meat allergy. As shown in Figure 6-C, sera samples reactivity examined against bovine meat samples
showed increased IgE response in red meat allergy sera against WT compared to the DKO meat samples (mean 6
SEM; Two-Way ANOVA with Bonferroni multiple comparison test).
[0097] Finally, we tested the patients human serum IgE reactivity against glycans microarrays. Reactivity of human
serum IgE (1:100) was examined by glycan microarrays using samples of donors with no allergy, birch-pollen allergy or
red meat allergy allergy. Glycan microarray profiles of human sera samples donors are presented in Relative Fluorescent
Units (RFU; representing fluorescence at 532 nm after local background subtraction) as a heatmap in Figure 6-D.
[0098] In Figure 6-E, the reactivity of sera samples against Neu5Gc-glycans was compared between the groups
showing that red meat allergy sera have a higher anti-Neu5Gc IgE reactivity (mean 6 SEM; each spot is a different
glycan per serum; Kruskal Wallis test with Dunn’s multiple comparison test; P < 0.0001). In Figure 6-F, the reactivity of
sera samples against Neu5Ac-glycans was compared between the groups showing that red meat allergy sera have a
higher reactivity (mean 6 SEM; each spot is a different glycan per serum; Kruskal Wallis test with Dunn’s multiple
comparison test; P = 0.0031). However, further analysis revealed strong matching between pairs of glycans that differ
only by their terminal sialic acid, Neu5Ac versus Neu5Gc, suggesting that the observed reactivity against Neu5Ac-
glycans likely represent cross-reactive anti-Neu5Gc antibodies (Wilcoxon matched pairs test; r Spearman = 0.2901, ***,
P = 0.0007). In Figure 6-G, the reactivity of sera samples against aGal glycan on the microarray was compared between
the groups showing that red meat allergy sera have a higher anti-Gal IgE reactivity (mean 6 SEM; one spot per serum;
Kruskal Wallis test with Dunn’s multiple comparison test; P = 0.0012).



EP 3 510 861 A2

25

5

10

15

20

25

30

35

40

45

50

55

Example 9. Somatic Cell Nuclear Transfer

[0099] The protocol used was the one described by Lagutina et al. (2006) with minor modifications. Briefly, ovaries of
pubertal gilts were collected at a local abattoir and transported to the laboratory at 31°- 33°C. Follicles larger than 3 mm
were aspirated and cumulus-oocyte complexes were selected and in vitro matured in defined maturation medium at
38.5 °C in 5% CO2 in humidified air for 42 hours. At the end of maturation process, only matured oocytes were selected
(presence of an extruded polar body). The day before SCNT, selected nuclear donor cells were induced into quiescence
by serum starvation (0.5% FCS). The day of SCNT, cells were trypsinized, washed and resuspended in SOF (Tervit et
al., 1972) supplemented with 25mM Hepes (SOF-Hepes). NT-embryos were reconstructed following a zona-free method
(Vajta et al., 2010), where the zona pellucida was digested with 0.5% pronase in PBS. All manipulations were performed
in SOF-Hepes with 10% FCS. Enucleation was performed following 10 minutes exposure to cytochalasin B. Enucleated
cytoplasts were then rinsed in phytohemagglutinin P in PBS and quickly dropped over a single nuclear donor cell. Donor
cell-cytoplast couples were washed in 0.3 M mannitol solution and fused by double DC-pulse (1.2 KVolt / cm) and
returned in to maturation medium. At about 48 hours of maturation, NT embryos were activated by double DC-pulses
(Lagutina et al., 2006), followed by two hours in maturation medium supplemented with cytochalasin B, reconstructed
embryos were cultured in mSOF supplemented with essential and non-essential aminoacids and with 4 mg/mL BSA, in
a modification of the Well Of the Well system (Vajta et al., 2000) and the culture was continued as described by Lagutina
et al. (2006).

Example 10. Recipient sows synchronization, Embryo Transfer (ET) and post-implantation development

[0100] Recipient sows estrus was synchronized by feeding 12 mg of altrenogest (Regumate, Intervet, Peschiera
Borromeo, Italy) per sow for 15 days, followed by an injection of 0.15 mg of PgF2 of Dalmazin, Fatro, Ozzano Emilia,
Italy) at the 13th day of altrenogest treatment, and one of 1000 IU of hCG (Chorulon, Intervet, Peschiera Borromeo,
Italy) 96 hours after the last altrenogest treatment. SCNT embryos were surgically transferred to the uterus of synchronized
sows on day 6 of development (compacted morula and early blastocyst stages) through a mid-ventral laparotomy
procedure (24), five days after standing estrus. Recipients were checked for pregnancy by trans-abdominal ultrasound
examination 30 days after ET and pregnancy were confirmed around day 60 post-ET. Farrowing was induced by a
PgF2α injection on day 119 and 120 of gestation.
[0101] From the above description and the above-noted examples, the advantage attained by the product described
and obtained according to the present invention are apparent.
[0102] The present invention therefore resolves the above-lamented problem with reference to the mentioned prior
art, offering at the same time numerous other advantages, including making possible the development of genetically
modified non-human mammals as a source of raw biological materials free of αGal, Neu5GC and Sda-like antigens,
avoiding formation/reaction of (new) specific human xeno-antibodies.
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Claims

1. A genetically modified non-human mammal chosen from the group consisting of a pig, a bovine, an equine, a sheep,
a goat, a buffalo, a camel and a rabbit, said non-human mammal comprising mutated α(1,3)-galactosyltransferase
(GGTA1), cytidine monophosphate-N-acetylneuraminic acid hydroxylase (CMAH) and beta1-4N-acetylgalactosam-
inyltransferase (B4GalNT2) genes in at least one cell,
wherein:

when said non-human mammal is a pig:

- the α(1,3)-galactosyltransferase gene has a sequence chosen from the group consisting of SEQ ID NO:91,
SEQ ID NO:92, SEQ ID NO:93, SEQ ID NO:94, SEQ ID NO:95, SEQ ID NO:96, SEQ ID NO:97 and SEQ
ID NO:98;
- the CMAH gene has a sequence chosen from the group consisting of SEQ ID NO:99, SEQ ID NO:100,
SEQ ID NO:101, SEQ ID NO:102, SEQ ID NO:103, SEQ ID NO:104 and SEQ ID NO:105; and
- the B4GalNT2 gene has a sequence chosen from the group consisting of SEQ ID NO:106, SEQ ID NO:107,
SEQ ID NO:108, SEQ ID NO:109, SEQ ID NO:110, SEQ ID NO:111, SEQ ID NO:112, SEQ ID NO:113,
SEQ ID NO:114, SEQ ID NO:115, SEQ ID NO:116, SEQ ID NO:117, SEQ ID NO:30, SEQ ID NO:31, SEQ
ID NO:118 and SEQ ID NO:119;

when said non-human mammal is a bovine:

- the α(1,3)-galactosyltransferase gene has a sequence chosen from the group consisting of SEQ ID NO:120,
SEQ ID NO:121, SEQ ID NO:122, SEQ ID NO:123, SEQ ID NO:124 and SEQ ID NO:125; and
- the CMAH gene has a sequence chosen from the group consisting of SEQ ID NO:126, SEQ ID NO:127,
SEQ ID NO:128, SEQ ID NO:129, SEQ ID NO:130, SEQ ID NO:131 and SEQ ID NO:132; and
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when said non-human mammal is an equine:

- the α(1,3)-galactosyltransferase gene having the sequence of SEQ ID NO:68;
- the CMAH gene having a sequence chosen from the group consisting of SEQ ID NO:78, SEQ ID NO:79
and SEQ ID NO:80; and
- the B4GalNT2 gene having the sequence of SEQ ID NO:90 are mutated.

2. The genetically modified non-human mammal according to claim 1, said genetically modified non-human mammal
being a pig, wherein

- the α(1,3)-galactosyltransferase gene has the sequence of SEQ ID NO:91;
- the CMAH gene has the sequence of SEQ ID NO:99; and
- the B4GalNT2 gene has the sequences of SEQ ID NO:106 in allele A and SEQ ID NO:107 in allele B or SEQ
ID NO:114 in allele A and SEQ ID NO:31 in allele B;
or
- the α(1,3)-galactosyltransferase gene has the sequences of SEQ ID NO:92 in allele A and SEQ ID NO:93 in
allele B;
- the CMAH gene has the sequences of SEQ ID NO:100 in allele A and SEQ ID NO:101 in allele B; and
- the B4GalNT2 gene has the sequences of SEQ ID NO:108 in allele A and SEQ ID NO:109 in allele B or SEQ
ID NO:115 in allele A and SEQ ID NO:116 in allele B;
or
- the α(1,3)-galactosyltransferase gene has the sequence of SEQ ID NO:94;
- the CMAH gene has the sequence of SEQ ID NO:102; and
- the B4GalNT2 gene has the sequences of SEQ ID NO:110 in allele A and SEQ ID NO:111 in allele B or SEQ
ID NO:117 in allele A and SEQ ID NO:31 in allele B;
or
- the α(1,3)-galactosyltransferase gene has the sequence of SEQ ID NO:95 in allele A and SEQ ID NO: 96 in
allele B;
- the CMAH gene has the sequence of SEQ ID NO:103 in allele A and SEQ ID NO: 104 in allele B; and
- the B4GalNT2 gene has the sequences of SEQ ID NO:112 in allele A and SEQ ID NO:30 in allele B or SEQ
ID NO:118.
or
- the α(1,3)-galactosyltransferase gene has the sequence of SEQ ID NO:97 in allele A and SEQ ID NO: 98 in
allele B;
- the CMAH gene has the sequence of SEQ ID NO:105; and
- the B4GalNT2 gene has the sequences of SEQ ID NO:113 in allele A and SEQ ID NO:113 in allele B or SEQ
ID NO:119 in allele A and SEQ ID NO:31 in allele B.

3. The genetically modified non-human mammal according to claim 1, said genetically modified non-human mammal
being a bovine, wherein

- the α(1,3)-galactosyltransferase gene has the sequences of SEQ ID NO:120 in allele A and SEQ ID NO:121
in allele B;
- the CMAH gene has the sequence of SEQ ID NO:126
or
- the α(1,3)-galactosyltransferase gene has the sequences of SEQ ID NO:122;
- the CMAH gene has the sequences of SEQ ID NO:127 in allele A and SEQ ID NO:128 in allele B
or
- the α(1,3)-galactosyltransferase gene has the sequences of SEQ ID NO: 123;
- the CMAH gene has the sequences of SEQ ID NO:129 in allele A and SEQ ID NO:130 in allele B
or
the α(1,3)-galactosyltransferase gene has the sequences of SEQ ID NO:124 in allele A and SEQ ID NO:125
in allele B;
- the CMAH gene has the sequences of SEQ ID NO:131 in allele A and SEQ ID NO:132 in allele B.

4. A hypoallergenic product isolated from the genetically modified non-human mammal according to anyone of claims
1 to 3, wherein said product is chosen from the group consisting of a carcass, meat, milk, milk derived products,
organ, tissue, transfusion product or a cell.
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5. The product according to claim 4, wherein said organ is selected from the group consisting of skin, muscle, heart,
liver, kidneys, lung, pancreas, thyroid, small bowel, udder, blood and components thereof.

6. Use of the product isolated from the genetically modified non-human mammal according to anyone of claims 4 or
5 for the preparation of animal derived products to prevent specific xeno-allergies, food born allergies and autoimmune
and degenerative diseases.

7. Use of the product isolated from the genetically modified non-human mammal according to anyone of claims 4 or
5 for the direct consumption or for the preparation of animal derived products (foodstuffs) for human consumption.

8. Use of the product isolated from the genetically modified non-human mammal according to anyone of claims 4 or
5 for the preparation of animal derived medical products.

9. Use of the product isolated from the genetically modified non-human mammal according to anyone of claims 4 or
5 for the preparation of animal derived products for human drug production.

10. Use of the product isolated from the genetically modified non-human mammal according to anyone of claims 4 or
5 for the preparation of animal derived products for human medical devices production.

11. Use of the product isolated from the genetically modified non-human mammal according to anyone of claims 4 or
5 for the preparation of animal derived products for antisera or antibody production.

12. Use of the product isolated from the genetically modified non-human mammal according to anyone of claims 4 or
5 for the preparation of animal derived products for human cosmetics production.

13. Use of the product isolated from the genetically modified non-human mammal according to anyone of claims 4 or
5 for the preparation of animal derived products for human detergents production.
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